Genotype 6 (GT6) hepatitis C virus (HCV) is prevalent in Southeast Asia and southern China, where it can constitute up to 50% of HCV infections. Despite this, no direct-acting antivirals are approved to treat GT6 HCV infection, and no cell culture systems have been described. In this study, we aimed to develop a GT6 HCV subgenomic replicon to facilitate the identification and development of new HCV therapies with pan-genotype activity. A subgenomic replicon cDNA encoding a GT6a consensus sequence plus an NS5A amino acid substitution (S232I) was synthesized. Electroporation of RNA encoding the GT6a replicon into Huh-7-derived cells consistently yielded 20 to 100 stable replicon colonies. Genotypic analyses of individual replicon colonies revealed new adaptive mutations across multiple viral nonstructural proteins. The E30V and K272R mutations in NS3 and the K34R mutation in NS4A were observed most frequently and were confirmed to enhance GT6a replicon replication in the presence of the NS5A amino acid substitution S232I. These new adaptive mutations allowed establishment of robust luciferase-encoding GT6a replicons for reproducible quantification of HCV replication, and the luciferase-encoding replicons enabled efficient determinations of antiviral activity for HCV inhibitors in a 384-well assay format. While nucleoside/nucleotide NS5B inhibitors and cyclophilin A inhibitors had similar antiviral activities against both GT6a and GT1b replicons, some nonnucleoside NS5B inhibitors, NS3 protease inhibitors, and NS5A inhibitors had less antiviral activity against GT6a replicons. In conjunction with other genotype replicons, this robust GT6a replicon system will aid in the development of pan-genotypic HCV regimens.
C hronic hepatitis C virus (HCV) infection affects an estimated 170 million people worldwide and represents a significant global health burden (1, 2) . Until recently, the standard of care was 24-to 48-week courses of pegylated alpha interferon (PegIFN) plus ribavirin (RBV) (3) . Due to the partial efficacy and poor tolerability of this regimen, the discovery and development of new antiviral agents have been pursued intensely. These efforts have culminated in the recent FDA approval of two NS3 protease inhibitors (boceprevir and telaprevir) for use in combination with PegIFN and RBV for the treatment of chronic genotype 1 (GT1) HCV infection (4) .
HCV is a positive-strand RNA virus that exhibits extraordinary genetic diversity. Six major genotypes (genotypes 1 to 6) and multiple subtypes (e.g., genotypes 1a and 1b) have been reported (5) . Genotypes 1, 2, and 3 are common throughout the world (6) (7) (8) . However, GT6 is prevalent in Southeast Asia and southern China and can constitute up to 50% of HCV infections in many of these areas (9, 10) . Despite its limited geographical presence, GT6 represents a significant portion of the global unmet medical need associated with chronic HCV infection, due to the high HCV disease burdens in Southeast Asia and southern China (with more than 32 million people infected). Furthermore, in contrast to the case in North America and Europe, the occurrence of new incidences of HCV infection also remains high in these regions due to a higher risk of exposure to contaminated blood products and intravenous drug use (9, 10) .
Currently, the standard treatment for GT6 HCV patients remains PegIFN and RBV for 24 to 48 weeks (10) . Although GT6 infection is more responsive to PegIFN-RBV than GT1 infection is (sustained virologic responses of 86% and 52%, respectively) (11) , this treatment is still partially efficacious and contraindicated in many patients. No direct-acting antivirals (DAAs) have been approved to treat GT6 HCV infection (4) . Many HCV DAAs are in advanced clinical development, but few are being developed to treat GT6 infections. Thus, there is an urgent need to develop novel therapeutic agents for the treatment of chronic GT6 HCV infection. This need also aligns with the tremendous interest in developing "pan-genotypic" drugs that are active against all HCV genotypes to simplify the treatment of HCV (12, 13) .
GT6 is the most genetically diverse HCV genotype, with at least 23 currently known subtypes and new subtypes expected to be identified continuously (14) . It is well documented that individual HCV genotypes respond differently to direct-acting antivirals due to high HCV genetic diversity between and within genotypes (3, 15) . For example, essentially all HCV NS3 protease inhibitors, although potent against GT1, have significantly reduced antiviral activity against GT3; this is due largely to GT3 polymorphisms at known drug resistance sites within NS3 protease, including residue 168 (16) . For NS5A inhibitors, earlier compounds often inhibit the GT2a JFH-1 virus efficiently but have much weaker antiviral activities (Ͼ200-fold) against more common GT2 strains carrying the M31 polymorph in NS5A (17) . The considerable genetic diversity of GT6, combined with a limited virological characterization of this genotype compared to common GT1 strains, creates significant challenges to DAA development against this genotype. Meeting this challenge will require the establishment of efficient GT6 HCV tools for the identification and development of new therapies.
HCV replicons are self-replicating viral RNAs that have served as workhorses for molecular virology studies and drug discovery (18) . These replicons have been crucial in the identification of novel inhibitor classes, the optimization of clinical candidates, and the characterization of clinical resistance. Despite initial successes in generating replicons derived from genotype 1a, 1b, or 2a (19) (20) (21) , it has proven difficult to generate efficiently replicating RNAs from other genotypes (22, 23) . Not until very recently were GT3 and GT4 replicons successfully established, representing a significant expansion of virological tools for HCV research and drug development (24) (25) (26) .
Here we report the establishment of the first GT6a replicons that efficiently replicate in hepatoma cell lines. We demonstrate that robust replication requires novel adaptive mutations in either HCV NS3 or NS4A, combined with the NS5A amino acid substitution S232I. By incorporating adaptive mutations into luciferaseencoding constructs, we established efficient replication of GT6a HCV RNA in both stably replicating and transiently transfected cultures. The replicons support efficient activity profiling of antiviral compounds and will be valuable tools for molecular virology and drug development applications.
MATERIALS AND METHODS
Cell culture. Huh-7 Lunet cells were obtained from ReBLikon GmbH (Mainz, Germany) (27) . 51C cells were derived by curing a Huh-7 Lunetbased GT1a replicon clone and were described previously (28) . 1C cells were derived by curing a GS-5885-resistant GT1a replicon clone derived from 51C cells, and they showed much more permissiveness to GT1a replicon replication (24) . All cell lines were propagated in Dulbecco's modified Eagle's medium (DMEM) as described previously (29) . Replicon cell lines were selected and maintained in complete DMEM containing 0.25 to 0.5 mg/ml G418 (Geneticin; Invitrogen).
Construction of plasmids encoding GT6a HCV subgenomic replicons. A plasmid (pGT6aNeoSG) encoding a subgenomic GT6a replicon based on the consensus sequence (see Fig. S1 in the supplemental material) of 16 GT6a genomes available in the European HCV database (see Table S1 ) was prepared by DNA synthesis and cloning (GenScript, Piscataway, NJ). The synthesized replicon incorporated the following elements (5= to 3=) ( Fig. 1 ): (i) the GT6a consensus 5=-untranslated region (5=-UTR) (342 nucleotides [nt] ) plus the first 48 nt of the core region; (ii) a linker with the nucleotide sequence 5=-GGCGCGCCCA-3=, which introduces the AscI restriction site (underlined); (iii) the neomycin phosphotransferase II (neo) gene; (iv) a linker with the nucleotide sequence 5=-G GCCGGCCA-3=, which introduces the FseI restriction site (underlined); (v) the encephalomyocarditis virus (EMCV) internal ribosome entry site (IRES); (vi) a linker with the nucleotide sequence 5=-ACGCGTATG-3=, which introduces the MluI restriction site (underlined) and an ATG start codon for HCV polyprotein expression; (vii) the NS3-NS5B polyprotein region of the GT6a consensus sequence, including the sequence encoding the NS5A amino acid substitution S232I (equivalent to an S2204I substitution in the GT1 polyprotein); and (viii) the 3=-UTR of GT2a JFH-1 (239 nt; no GT6a 3=-UTR is available). The synthetic DNA fragment encoding the GT6a replicon was inserted into pUC57, between EcoRI and XbaI restriction sites.
A second plasmid (pGT6aRlucNeoSG), encoding a subgenomic replicon that incorporated the humanized renilla luciferase (hRluc) reporter gene, was generated as follows. The pGT6aNeoSG plasmid (described above) was cut using the AscI and MluI restriction enzymes (to remove the neo gene) and then gel purified using a commercial kit (Qiagen, Valencia, CA). A gene fragment carrying the hRluc gene fused with the neo gene, along with the EMCV region from the phRlucNeoSG2a plasmid (described below), was PCR amplified using Accuprime supermix I (Invitrogen) and the following primers: 2aRlucNeoAscIFor (5=-AAC ACC ATC GGC GCG CCC ATG GCT TCC AAG GTG TAC GAC-3=; the AscI site was introduced by the primer and is underlined) and 2aEMCVI-RESMluIRev (5=-TCG GGG CCA TAC GCG TAT CGT GTT TTT CAA AGG-3=; the MluI site is underlined). The subsequent PCR fragment was cut with AscI and MluI and gel purified using a commercial kit (Qiagen). The vector and insert pieces were ligated using the LigaFast Rapid DNA ligation system per the manufacturer's protocol (Promega, Madison, WI). The resulting vector, pGT6aRlucNeoSG, was sequenced to confirm the correct orientation and sequence of the hRluc-Neo cassette. The phRlucNeoSG2a plasmid was constructed by replacing the Luc-Neo fragment in the pLucNeoSG2a plasmid with the hRluc-Neo gene cassette amplified from the plasmid hRluc-Neo Flexi (Promega), as previously described (28, 29) .
A third plasmid (pGT6aPiRlucSG), encoding a bicistronic replicon with the hRluc reporter gene downstream of the poliovirus IRES (Pi-IRES) and the GT6a consensus HCV nonstructural genes (NS3 to NS5B) downstream of the EMCV IRES, was used for transient-transfection studies. The plasmid was generated as follows. The pGT6aRlucNeoSG plasmid (described above) was cut using the AscI and MluI restriction enzymes (to remove the Rluc-Neo gene cassette) and then gel purified using a commercial kit (Qiagen). A gene fragment carrying the Pi-IRES, hRluc gene, and EMCV IRES regions was PCR amplified from the GT1b Pi-Rluc plasmid by using Accuprime supermix I (Invitrogen) and the following primers: 6aPiRlucAscIFor (5=-AAC ACC ATC GGC GCG CCA AAC CAA GTT CAA TAG-3=; the AscI site was introduced by the primer and is underlined) and 1bEMCVIRESMluIRev (5=-TCG GGG CCA TAC GCG TAT FIG 1 Schematic diagrams of GT6a subgenomic replicons used in this study. Elements engineered into the replicons included the neomycin phosphotransferase II gene (Neo) (A), a renilla luciferase (Rluc)-neomycin phosphotransferase II gene fusion reporter (Rluc-Neo) (B), and a poliovirus IRES-driven Rluc reporter (Pi-Rluc) (C). All replicons carried the GT6a 5=-UTR; an EMCV IRES controlling translation of the NS3-NS5B polyprotein region of the GT6a consensus sequence, including an NS5A amino acid substitution (S232I); and the 3=-UTR of GT2a JFH-1 virus. Black bars indicate the GT6a core N-terminal sequence. Gray bars indicate the HCV polyprotein sequence. Neo and Rluc-Neo translation was controlled by an HCV IRES (A and B), whereas Rluc translation was controlled by a Pi-IRES (C).
CGT GTT TTT CAA AGG-3=; the MluI site is underlined). The subsequent PCR fragment was cloned and ligated as described above to generate the resulting vector, pGT6aPiRlucSG.
Construction of mutant replicons. Adaptive mutations were introduced into the pGT6aNeoSG, pGT6aRlucNeoSG, or pGT6aPiRlucSG replicon by site-directed mutagenesis using a QuikChange Lightning kit (Stratagene, La Jolla, CA). A replication-defective NS5B polymerase GND mutant was constructed by introducing a point substitution in the nucleotide sequence that encodes amino acid 318 in NS5B, changing the sequence from GAT to AAT, and therefore altering the GDD motif of the NS5B polymerase active site to GND and abolishing the polymerase activity (GenScript) (20) . All substitutions were confirmed by DNA sequencing by Elim Biopharm (Hayward, CA).
RNA transcription. Plasmids encoding GT6a subgenomic HCV replicons were linearized with XbaI and purified using a PCR purification kit (Qiagen). RNAs were synthesized and purified with T7 MEGAScript (Ambion, Austin, TX) and RNeasy (Qiagen) kits, respectively, according to the manufacturers' instructions. RNA concentrations were measured using the optical density at 260 nm and were confirmed by 0.8% agarose gel electrophoresis (Invitrogen).
RNA transfection and isolation of stable replicon cell lines. Ten micrograms of in vitro-transcribed RNA was transfected into Huh-7 Lunet or 1C cells by electroporation as previously described (28) . Briefly, cells were collected by trypsinization and centrifugation and then washed twice with ice-cold phosphate-buffered saline (PBS) and resuspended in Opti-MEM medium (Invitrogen) at a concentration of 10 7 cells/ml. Replicon RNA was added to 400 l of cell suspension in a Gene Pulser (Bio-Rad, Hercules, CA) cuvette (0.4-cm gap). Cells were electroporated at 270 V and 960 F, incubated at room temperature for 10 min, resuspended in 30 ml complete DMEM, and then plated in two 100-mm-diameter dishes. Forty-eight hours after plating, the medium was replaced with complete DMEM supplemented with 0.25 mg/ml G418, which was refreshed twice per week. After 3 weeks, cell clones were isolated, expanded with 0.5 mg/ml G418, and cryopreserved at early passages.
Replicon colony formation assays. To determine the efficiency of replicon colony formation, cells were electroporated with the indicated amounts of replicon RNA or extracted cellular RNA and then plated at multiple densities, ranging from 2 ϫ 10 5 to 2 ϫ 10 6 cells/100-mm dish. Forty-eight hours after plating, the medium was replaced with complete DMEM supplemented with 0.5 mg/ml G418, which was refreshed twice per week. Three weeks later, colony plates were used for cell expansion or G418-resistant foci were fixed with 4% formaldehyde and stained with 0.05% crystal violet.
Extraction, amplification, and genotypic analysis of HCV RNA. HCV RNA isolation, reverse transcription-PCR (RT-PCR), and population sequencing were performed as described previously (29) . Briefly, HCV replicon cellular RNAs were extracted and purified using an RNeasy kit (Qiagen) according to the manufacturer's protocol. RT-PCR was performed using the SuperScript III first-strand synthesis system (Invitrogen), and PCR products were subsequently sequenced by Elim Biopharm (Hayward, CA).
Replicon cell NS3-4A protease assay. Replicon cells were seeded in 96-well plates at a concentration of 1 ϫ 10 4 cells per well. The cells were incubated for 24 h, after which the culture medium was removed. Replicon cells were then lysed with 90 l of 1ϫ Promega luciferase lysis buffer supplemented with 150 mM NaCl at room temperature for 20 min on a plate shaker. Ten microliters of 1 M europium-labeled NS3-4A substrate diluted in the above lysis buffer was added to each well. Protease activity data were collected and analyzed as previously described (29) .
Detection of NS5A protein by indirect immunofluorescence. Replicon cells were plated in 96-well plates at a density of 1 ϫ 10 4 cells per well. After incubation for 24 h, cells were then stained for NS5A protein as described previously (29) . Briefly, cells were fixed in 4% paraformaldehyde for 20 min. Cells were then washed three times with PBS and blocked with 3% bovine serum albumin, 0.5% Triton X-100, and 10% fetal bovine serum (FBS). NS5A protein staining was performed using a 1:10,000 dilution of mouse monoclonal antibody 9E10 (Apath, Brooklyn, NY). After washing in PBS three times, a secondary anti-mouse antibody conjugated to Alexa Fluor 555 was used to detect anti-NS5A antibody-labeled cells (Invitrogen). Nuclei were stained with 1 g/ml Hoechst 33342 dye (Invitrogen). Cells were washed with PBS and imaged with a Zeiss fluorescence microscope (Zeiss, Thornwood, NY).
Replicon antiviral assays. Replicon RNAs were electroporated into 1C cells as described above. After transfection, cells were quickly transferred to 100 ml of prewarmed culture medium, and 90-l samples were seeded in 384-well plates at a density of 2,000 cells/well. Cells were treated with 3-fold serial drug dilutions for a total of 10 different concentrations. Cell plates were incubated at 37°C for 3 days, after which the culture medium was removed and cells were assayed for luciferase activity as a marker of the replicon level. Luciferase expression was quantified using a commercial luciferase assay (Promega). Luciferase levels were converted into percentages relative to the levels in the untreated controls (defined as 100%), and data were fitted to the logistic dose-response equation
c ] by using XLFit4 software (IDBS, Emeryville, CA). Antiviral compounds. Telaprevir, boceprevir, and 2-C-methyladenosine (2-CMeA) were purchased from Acme Bioscience (Belmont, CA). Cyclosporine (CsA) was purchased from Sigma-Aldrich (St. Louis, MO). The Wyeth HCV NS5B site IV inhibitor HCV-796 was synthesized by Curragh Chemistries (Cleveland, OH). Ledipasvir (GS-5885) (30), tegobuvir (GS-9190) (31), GS-9451 (32), GS-9669 (33), sofosbuvir (GS-7977) (34), the Pfizer NS5B thumb site II inhibitor filibuvir, the Merck NS5B thumb site I inhibitor MK-3281 and protease inhibitor MK-5172, and the Bristol-Myers Squibb NS5A inhibitor daclatasvir (BMS-790052) were synthesized by Gilead Sciences.
RESULTS

Construction of a GT6a subgenomic replicon.
The consensus sequence from 16 GT6a genomes available in the European HCV database was used to construct a GT6a subgenomic replicon (GT6a-Neo) as previously described by Lohmann et al. (22) (Fig.  1A) . Due to the lack of a complete GT6a 3=-UTR sequence in the database, the 3=-UTR sequence from the highly replicative GT2a HCV isolate JFH-1 was used to construct the GT6a replicon. In addition, the sequence encoding the NS5A amino acid substitution S232I, which was previously shown to enhance the replication of HCV replicons for multiple genotypes, was included to determine if it could enhance the basal replication of the GT6a replicon (23, 24, 26) .
Selection of stable GT6a subgenomic replicon colonies. In vitro-transcribed GT6a-Neo replicon RNAs, with or without the NS5A amino acid substitution S232I, were electroporated into Huh-7-derived Lunet or 1C cells and subjected to G418 selection until stable colonies emerged. In the absence of the S232I substitution, no G418-resistant colonies emerged in either cell background ( Fig. 2A) . In contrast, in the presence of the S232I substitution, a modest number of G418-resistant colonies were selected in both Lunet cells (average of 35 colonies per transfection) and 1C cells (average of 75 colonies per transfection) (Fig. 2A) . These results indicate that the NS5A amino acid substitution S232I enhanced the replication of the parental GT6a replicon and was vital to the selection of stable replicon colonies. Colony formation efficiency was consistently 2-fold greater in 1C cells than in Lunet cells, suggesting that 1C cells provided a slightly more permissive environment for GT6a replicon replication.
To confirm that the selected colonies harbored replicating GT6a replicons, colonies were pooled and assessed for intracellular NS3-4A expression by measuring NS3-4A protease activity (Fig. 2B ) and for NS5A expression by immunofluorescence staining (Fig. 2C) . Both the pooled GT6a-neo 1C and GT6a-neo Lunet colonies had readily detectable NS3-4A protease activity, producing signal-to-background ratios Ͼ100-fold and signals within 2-fold of those produced by a highly adapted GT1b replicon (28) . Similarly, NS5A expression was also readily detectable when the pooled cells were stained with an anti-NS5A antibody (Fig. 2C) . Together, these results suggest that self-replicating GT6a subgenomic replicons were successfully established in these stable colonies.
Identification of adaptive mutations for GT6a subgenomic replicons. To determine whether adaptive mutations were acquired by the replicons in the selected colonies, 11 Lunet and 12 1C stable colonies were isolated and expanded for genotypic analysis. A diverse set of mutations were identified in the viral nonstructural genes (the full list of emerging mutations is provided in Table S2 in the supplemental material). Seventeen of 23 clones had single mutations in the NS3 gene, including one with an additional mutation in the NS5A gene. Five clones had a mutation in the NS4A gene, and one had a single mutation in the NS5B gene. Furthermore, all replicon clones retained the NS5A amino acid substitution S232I, suggesting that this substitution may be essential for GT6a replicon replication.
Interestingly, the single mutations E30V and K272R in NS3 and K34R in NS4A appeared independently at least twice. To determine if these three mutations enhanced replicon replication, they were introduced individually into a GT6a renilla luciferase gene-neo construct (GT6a-RlucNeo) (Fig. 1B) encoding the S232I amino acid substitution. In vitro-transcribed RNA from each mutant was electroporated into permissive Huh-7 Lunet cells and subjected to G418 selection until colonies were visible (Fig. 3) . Incorporation of renilla luciferase into the GT6a-Neo replicon resulted in a significant reduction of stable colony formation (35 colonies for the GT6a-Neo replicon versus 1 colony for the GT6a-RlucNeo replicon). Importantly, all three of the putative adaptive mutations significantly enhanced replication of GT6a replicons, as evidenced by the formation of a large number of stable colonies relative to the number with the parental GT6a-RlucNeo replicon (Fig. 3) . These data indicate that the E30V and K272R mutations in NS3 and the K34R mutation in NS4A function as adaptive mutations for GT6a replicon replication.
Establishment of luciferase-encoding GT6a replicon transient-transfection replication systems. Transient-transfection replication systems facilitate rapid and direct analysis of replication efficiencies and kinetics of HCV RNAs, independent of clonal cell differences. A GT6a replicon transient-replication construct was generated by replacing the RlucNeo gene in the parental GT6a-RlucNeo replicon with an Rluc reporter gene that is much shorter and under translational control of the poliovirus IRES (Pi-IRES) instead of the HCV IRES (GT6a-PiRluc) (Fig. 1C) (35) . The three adaptive mutations identified in NS3 (E30V and K272R) and NS4A (K34R) were introduced individually into the GT6a-PiRluc replicon encoding the S232I amino acid substitution in NS5A. The impact of each mutation on replication efficiency and kinetics was determined, and the results are shown in Fig. 4 . In vitro-transcribed GT6a-PiRluc parental replicon RNA and repli- con RNAs with the indicated mutations, along with the highly adapted GT1b-PiRluc replicon, were electroporated into both Huh-7 Lunet and 1C cells. HCV replication was quantified through measurement of luciferase activity in cell lysates over 7 days. All mutations in either NS3 or NS4A significantly enhanced GT6a replicon replication, as evidenced by the higher luciferase activities (Ͼ30-fold) of the mutants than those of the parental GT6a-PiRluc construct and the replication-defective NS5B polymerase GND mutant. Particularly in 1C cells, although the GT6a-PiRluc replicons with adaptive mutations had slower replication kinetics than the GT1b-PiRluc replicon, their replication capacities eventually all reached a level comparable to that of GT1b-PiRluc by day 5 after transfection. These results indicate that all three adaptive mutations, in combination with the S232I mutation in NS5A, could support transient-transfection replication studies of GT6a replicons in both Huh-7 Lunet and 1C cells.
Interestingly, the replication levels of all GT6a-PiRluc replicons were approximately 10-fold lower in Huh-7 Lunet cells than in 1C cells (Fig. 4) . This is in contrast to the case for the GT1b-PiRluc replicon, which replicates at similar levels in these two Huh-7-derived cell lines, suggesting that 1C cells are likely more permissive than Lunet cells for GT6a replicon replication. To determine whether the adaptive functions of the selected mutations were dependent on the NS5A amino acid substitution S232I, we reverted the S232I mutation back to the wild type (S232) in GT6a-PiRluc replicons encoding the NS3 K272R or NS4A K34R adaptive mutation. Figure 5 shows that in the absence of the NS5A S232I mutation, while the wild-type sequence GT6a replicon had a very weak replication activity (ϳ5-fold above that of the GND negative control), neither the NS3 K272R mutation nor the NS4A K34R mutation alone enhanced the basal replication of the GT6 replicon. In contrast, the S232I mutation alone could boost replicon replication ϳ10-fold. Together, these data suggest that the NS5A S232I mutation is critical and that the K272R mutation in NS3 and the K34R mutation in NS4A are synergistic with the S232I mutation for GT6a replicon replication.
Antiviral activities of known HCV inhibitors against GT6a. To evaluate GT6a replicons for antiviral inhibitor screening, we assessed the responses of GT6a-PiRluc replicons in parallel with the well-established GT1b-PiRluc replicon against five different classes of HCV inhibitors (Table 1 ). 1C cells were transiently transfected with GT6a-PiRluc-NS3-K272R or GT1b-PiRluc HCV RNA and seeded into 384-well plates for antiviral assays in a highthroughput assay format. Compounds were added to the cells and incubated for 72 h, after which luciferase activity was measured to determine replication levels. Fifty percent effective concentrations (EC 50 s) were generated successfully for all inhibitors and are shown in Table 1 . Similar results were also generated with the GT6a-PiRluc-NS4A-K34R replicon (EC 50 values varied Ͻ2-fold from those generated with GT6a-PiRluc-NS3-K272R [data not shown]). CsA, which targets host cyclophilin A, and the nucleoside NS5B inhibitors sofosbuvir and 2-CMeA had similar activities against GT6a and GT1b replicons. The nonnucleoside inhibitors targeting thumb site I (MK-3281) and palm site IV (HCV-796) of NS5B also had similar potencies against GT6a and GT1b replicons. In contrast, the thumb site II inhibitors filibuvir and GS-9669 and the palm site III/IV inhibitor tegobuvir were approximately 30-, 40-, and 200-fold less active, respectively, against GT6a replicons than against GT1b replicons. The NS5A inhibitor daclatasvir had slightly less antiviral activity (ϳ7-fold) against GT6a replicons than against GT1b replicons; ledipasvir was active against GT6a replicons, but approximately 300-fold less than the case for GT1b replicons. The lower antiviral activity of ledipasvir against GT6a replicons was not specific to 1C cells, because similar EC 50 values were obtained with Lunet cells, and ledipasvir had equivalent activities against GT1b replicons in 1C and Lunet cells (data not shown). The NS3 protease inhibitors currently approved for treatment of GT1 HCV, boceprevir and telaprevir, each had similar activities against GT6a and GT1b replicons. MK-5172, a potentially pan-genotypic protease inhibitor, maintained potency against GT6a replicons, within a 4-fold range of its potency against GT1b replicons. Other protease inhibitors, including BILN-2061 and GS-9451, were less active against GT6a replicons than against GT1b replicons (17-and 8-fold, respectively). Overall, these results confirm that the GT6a replicon system is a valuable tool for evaluating a wide range of HCV inhibitors against GT6a replicons.
DISCUSSION
GT6 HCV is most common among patients in Southeast Asia and the surrounding regions, where there is a high prevalence of HCV infection. In this study, a robust GT6a replicon was established to aid in the discovery and development of new therapies for GT6 HCV infection. A subgenomic replicon cDNA encoding a GT6a consensus sequence plus the NS5A S232I substitution was synthesized. In Huh-7-derived cells, this replicon construct consistently yielded a modest number of stable GT6a colonies and allowed identification of multiple novel adaptive mutations for GT6 replicon replication, including the E30V and K272R mutations in NS3 and the K34R mutation in NS4A. These new adaptive substitutions enabled us to establish robust luciferase-encoding GT6a replicons for reproducible quantification of HCV replication and efficient antiviral activity profiling of different classes of HCV inhibitors in a high-throughput assay format.
Multiple factors have been attributed to the difficulties in establishing HCV replicons, including significant genetic divergence between genotypes, poor basal replication levels for other genotypes, and the lack of suitable host cell lines. For example, Huh7.5, a cell line derived from Huh-7 cells, became significantly more permissive to HCV replication due to an inactivating mutation in retinoic acid-inducible gene I (RIG-I) (36) . Compared to our recent GT4a replicon development, Huh-7-derived Lunet cells were more permissive to GT6a replicons, with an average of 35 colonies per transfection versus an average of 0.5 colony per transfection for GT4a replicons ( Fig. 2A) (24) . Nevertheless, Lunet cells were still less permissive than 1C cells for GT6a HCV
FIG 5
The NS5A amino acid substitution S232I is required for efficient GT6a HCV replication. The NS3 K272R and NS4A K34R substitutions were introduced individually into the GT6a-PiRluc replicon, with or without the S232I substitution in NS5A. In vitro-transcribed replicon RNAs were transfected into 1C cells and plated in 96-well plates at a density of 5 ϫ 10 3 cells/well. Renilla luciferase activity (RLUs) was measured as a marker of HCV replication at the indicated time points. A replication-defective NS5B polymerase GND mutant was included as a negative control. The background of the assay was ϳ100 RLUs. All values represent the means for two independent assays, with standard errors. replication in both colony formation assays ( Fig. 2A) and transient-transfection replicon replication assays (Fig. 4) . The 1C cell line was a key to our success in GT4a replicon development (24) . The high permissiveness of 1C cells for GT6a replicon replication, as well as GT3a replicon replication (37) , suggests that these cells very likely have some unique cellular background to support HCV replicon replication and have the potential to further contribute to the establishment of additional HCV replicons of other genotypes and subtypes. Inclusion of the S232I substitution in NS5A (2) was essential to the success of establishing the GT6a replicons. Without the S232I substitution, no GT6a replicon colonies emerged in either 1C or Lunet cells (Fig. 2A) . Furthermore, the identified GT6a adaptive substitutions required the S232I mutation to confer efficient HCV RNA replication (Fig. 5) . In the absence of S232T, neither the K272R mutation in NS3 nor the K34R mutation in NS4A was sufficient to meaningfully enhance the basal replication of GT6a replicons. In contrast, the S232I substitution alone was able to boost replicon replication significantly. These results are very similar to what we observed in the establishment of genotype 3a and 4a HCV replicons (24) . Together, these data indicate that the NS5A S232I substitution could confer replication competence across HCV genotypes and should be considered strongly to aid in the establishment of replicons for other HCV genotypes/subtypes that have yet to demonstrate replication in vitro.
Of the adaptive substitutions identified, the K272R mutation in NS3 helicase was the most frequently observed, appearing independently in 6 of 23 colonies analyzed. Residue K272 is located in domain 1 of the NS3 helicase protein and is highly conserved (99.9%) across all HCV genotypes listed in the European Union HCV database. Crystallography studies of the HCV NS3 RNA helicase domain complexed with a single-stranded DNA oligonucleotide revealed that K272 lies outside the central DNA binding cavity and is involved in phosphate interactions with DNA, helping to stabilize its conformation (38) . Therefore, the emergence of the adaptive substitution K272R in NS3 helicase suggests that regulation of helicase activity could be involved in cell culture adaption.
The adaptive substitution K34R in NS4A was also observed frequently, appearing in 3 of 23 colonies analyzed. Residue K34 is 79% conserved, with the adapted residue R34 observed in 20% of viral sequences across all HCV genotypes listed in the European Union database. K34 is located immediately downstream of the NS4A region that forms a noncovalent complex with NS3 to stimulate protease activity (39) . It has been hypothesized that residue 34 substitutions may modulate NS3-4A complex formation; however, no direct evidence exists to support this hypothesis. Interestingly, the same substitution was identified in both genotype 1a and 1b replicons (3, 21) . Similarly, in our GT4a replicon development, an adaptive substitution at residue 34 of NS4A was also identified (Q34K or Q34R) and was highly efficient at enhancing replication (24) . These results thus suggest that a potential protein-protein interaction involving residue 34 in NS4A could have profound effects on HCV RNA replication in cell culture across genotypes.
Using robust GT6a-Pi-Rluc transient-transfection replicon systems encoding either the K272R mutation in NS3 or the K34R mutation in NS4A, we evaluated five classes of HCV inhibitors for antiviral activity against GT6a replicons in parallel with GT1b replicon in a 384-well assay format ( Table 1) . As expected, inhibitors targeting the NS5B active site or host factors had similar potencies against both GT1b and GT6a replicons, consistent with previous pan-genotypic studies (3, 13) . Nonnucleoside NS5B polymerase, NS3 protease, and NS5A inhibitors exhibited differential activity between genotypes, depending on the compound and target binding site. Often, the fact that some compounds did not maintain potency in GT6a compared to GT1b replicon could be explained by genetic variations within the inhibitor target site between the genotypes. For example, the NS5B thumb site II inhibitor filibuvir was 32-fold less active against GT6a replicons than against GT1b replicon. Interestingly, the NS5B amino acid substitutions L419I and I482L, which are known to confer resistance to filibuvir in genotype 1b, are commonly present in GT6a NS5B sequences, and also in our GT6 replicon sequence (40) . Regarding protease inhibitors, GS-9451 and BILN-2061 were less active against GT6a replicons than against GT1b replicon (8-and 17-fold, respectively). The loss of antiviral activity against GT6a replicons was likely due, at least in part, to the Q80K polymorph. The Q80K amino acid substitution mutant shows reduced susceptibilities to GS-9451 and BILN-2061 in GT1 replicons (6-and 3-fold, respectively [data not shown]) and is commonly present in GT6a NS3 sequences. Put together, these antiviral activity results prove the utility and efficiency of this GT6a replicon system for assessing activities of inhibitors across multiple classes.
Currently, a surrogate approach using chimeric replicons is used to study different GT6a genes (e.g., NS3, NS5A, and NS5B) in cell culture. These tools are limited because they often have low replication capacities and rely on the interplay of heterologous HCV sequences and proteins. The availability of this robust GT6a replicon system (in which all HCV nonstructural genes are GT6 sequences) will address the limitations of existing surrogate approaches. This GT6a replicon not only will become a valuable tool for the discovery and evaluation of HCV inhibitors targeting GT6a but also can be used in molecular virology studies and to evaluate resistant variants identified in both preclinical and clinical studies. Lastly, in conjunction with existing replicon systems, the GT6a replicon will contribute to the development of pangenotypic HCV regimens for the treatment of HCV worldwide.
